During the Drosophila oogenic processes, Fat facets (Faf), an ubiquitin-specific protease essential for normal development of oocyte and eye, becomes localized at the posterior pole and is incorporated into the pole cells. This is dependent on Oskar, a key factor for pole cell determination, and suggests a role for Faf in germ cell differentiation and development. Here we show that Usp9x, an X-linked ortholog of Faf, is predominantly expressed in both germ cell and supporting cell lineages during mouse gonadal development in stage-and sexdependent manners. Usp9x was first detected in PGCs at 10.5 days post coitum (dpc), and thereafter its expression both at mRNA and protein levels was enhanced in PGCs of both sexes at 11.5-13.5 dpc. In testis, Usp9x expression rapidly decreased to an undetectable level by 15.5 dpc and after birth to adult, no expression was found in any spermatogenic cells, except for weak expression in Sertoli cells. In the ovary, Usp9x expression in embryonic oocytes was also reduced at the newborn stage, its expression reappeared in oocytes at secondary follicle stage, and its products were highly accumulated in the cytoplasm of Graaffian follicles in adults. Although follicular epithelial cells also expressed Usp9x at a moderate level during postnatal development, its expression was downregulated from early secondary follicle stage. Thus, the present study is not only the first to demonstrate a conserved expression of fat facets in PGCs between mouse and fly, but also sexand stage-dependent changes of a specific component of the deubiquitylation system during mammalian gonadal development. q
Results and discussion
Ubiquitylation is a reversible modification promoted by ubiquitin ligases and antagonized by deubiquitylating proteases. This regulation of protein activity and localization by the ubiquitin-proteasome pathway is important for various biological processes including cell-cycle progression, apoptosis and transcriptional regulation (see review by Hershko and Ciechanover, 1998) . Drosophila faf, which encodes an ubiquitin-specific protease, is required during oogenesis as well as for eye development (Fischer-Vize et al., 1992; Huang et al., 1995; Cadavid et al., 2000; Chen et al., 2002) . In fly, mutations in this gene lead to abnormal oocyte content and the inability of the fertilized egg to undergo normal embryogenesis. Moreover, in the normal oogenic process, localization of Faf protein depends on Oskar, a key factor for pole cell determination (FischerVize et al., 1992) . The Faf protein, as well as Vasa protein, concomitantly localize to the posterior pole after oskar mRNA is posteriorly localized. Thereafter, both proteins are incorporated into the pole cells. These findings suggest that Faf may have an important role in the normal differentiation and development of primordial germ cells (PGCs). In mice and humans, two homologues of faf have been identified on the sex chromosomes: Y-linked Usp9y (also known as Dffry) and X-linked Usp9x (also known as Fam or Dffrx) (Jones et al., 1996; Wood et al., 1997; Brown et al., 1998) . Usp9y is reported to be a testisspecific gene in mice (Brown et al., 1998) . Usp9y expression is detected in testes from 14 dpp (days post partum) to adult, but not in embryonic testes (Brown et al., 1998) , suggesting Usp9y expression in the spermatogenic cell lineage. Usp9x was also shown to be expressed in a tissue-specific manner in the eye, central nervous system, dorsal ganglion, unfertilized egg and preimplantation embryos (Wood et al., 1997; Kanai-Azuma et al., 2000; Pantaleon et al., 2001) . Usp9x is able to functionally replace faf in Drosophila embryos (Chen et al., 2000) , implicating a conserved function in the development of the germ cell lineage. In human, a de novo point mutation in USP9Y has been reported in an azoospermic man (Sun et al., 1999) . Moreover, USP9X was originally isolated as one of the possible candidate genes for the defects of oocyte proliferation and subsequent gonadal degeneration found in Turner syndrome (Jones et al., 1996) . However, in contrast to the possible role of mammalian faf homologues, the expression of Usp9x in the germ cell lineage has not yet been characterized in vertebrates including mammals. In the present study, we examined the expression of Usp9x mRNA and its products during the gonadal development from embryonic to adult stages by immunohistochemistry and in situ hybridization.
Prior to 9.5 dpc (days post coitum), neither Usp9x mRNA nor its products could be detected in PGCs, which were identified by immunostaining in the adjacent section by using a PGC marker of anti-Le x monoclonal antibody (MAb) (Kanai et al., 1992 ) (data not shown). At 10.5 dpc, the expression of Usp9x mRNA and its products was first observed in the PGCs located around and inside the XX genital ridge, but only weakly in the XY PGCs ( Fig. 1A-D) . At 11.5 dpc, the expression levels of both mRNA and protein were clearly enhanced in gonadal primordia of both sexes ( Fig. 1E-I ). Its expression was predominantly restricted to germ cells at this stage (Fig. 1F ,H,J), although weak expression was found in certain somatic cells located around PGCs (arrowheads in Fig. 1J ). Moreover, Usp9x mRNA showed a higher expression in the female PGCs than in the male ones, as judged on the basis of its expression level in neural tube (Wood et al., 1997) (Fig. 1G,H) . At 12.5-13.5 dpc, the strong expressions of Usp9x mRNA and its products were still observed in germ cells inside the testicular cords and the ovarian parenchyma ( Fig. 1K-M) . However, its mRNA expression was thereafter clearly reduced in both testis and ovary at 15.5 dpc (Fig. 1O) . The level of Usp9x protein was rapidly downregulated in the germ cells of the testes at 15.5 dpc, although positive signals with anti-Usp9x Ab were still observed in the oocytes at the same stage (Fig. 1N) . Such downregulation of Usp9x in testes was also confirmed by the immunoblot analysis using the whole gonad samples (Fig. 1P ). In the testes after birth to adult, no Usp9x expression was detected in any spermatogenic cells, except for a weak expression in Sertoli cells at adult stage ( Fig. 2A-D) , implicating a transient and restricted expression pattern of Usp9x from 10.5 to 13.5 dpc in the germ cells of XY gonads.
In the ovary, Usp9x expression in oocytes was also reduced to an undetectable level until newborn stage (Fig.  2E,F) . Expression increased even further at the secondary follicle stage from 15 dpp (Fig. 2G,H) , and both its mRNA and products were strongly accumulated in the oocyte cytoplasm of Graafian follicles in adult mice (Fig. 2I-O) . As well as weak Usp9x expression in Sertoli cells of the adult testis, the follicular epithelial cells also expressed Usp9x at moderate levels during postnatal development (Fig. 2F ,H,I-L). However, its expression was reduced from late secondary follicles, and then became undetectable in Graafian follicles (Fig. 2M ).
In conclusion, the present study is not only the first to demonstrate a conserved expression of Faf, a substratespecific deubiquitylating protease, in the PGCs between mouse and fly, but also a sex-and stage-dependent expression of a component of the deubiquitylation system during mammalian gonadal development. Since the posttranscriptional degradation-protection mechanisms have been postulated to enrich for specific molecules in vertebrate PGCs (Wolke et al., 2002) , further functional characterization of Usp9x, a deubiquitylating protease enriched in PGCs, may shed light on the protection mechanism from ubiquitinmediated protein degradation in mammalian PGC differentiation and oogenesis.
Methods

Immunohistochemistry
The mouse embryos, testes and ovaries were isolated at various stages, and fixed in Bouin's solution for 4 h. They were dehydrated in ethanol, cleared in xylene, and then routinely embedded in paraffin. Serial paraffin sections Kanai et al., 1992) in the adjacent section of panel C or H, respectively. Plate B, F, H or L shows a higher magnification of the gonadal region indicated by the broken rectangle in plate A, E, G or K, respectively. In plate J, the upper panel shows Usp9x localization (red), while the lower panel exhibits the combined image of Usp9x expression (red) with anti-Le x staining (green) and nuclear staining (blue) in the same section of the 11.5 dpc XY genital ridge. Arrows and arrowheads in B, C, H, J and L indicate Usp9x expression in germ cells and gonadal somatic cells, respectively. (O) Immunoblot analysis showing changes in the expression level of Usp9x protein from 11.5 to 15.5 dpc gonads (indicated by an arrow in upper plate). The silver staining of the same samples is also shown in the lower plate. Each number in the bottom indicates a relative Usp9x protein expression level (relative Usp9x amount in XY gonad at 11.5 dpc is set as 1.0). ce, coelomic epithelium; ms, mesonephros; nt, neural tube. Scale bar: 100 mm.
were cut and subjected to immunohistochemistry and in situ hybridization as described below. Mouse embryos prior to 11.5 dpc were sexed by polymerase chain reaction (PCR) using Zfy-specific primers as described previously (Bowles et al., 1999) .
For immunohistochemistry, anti-Usp9x Ab (rabbit polyclonal Ab against a synthetic peptide corresponding to the N-terminal region of Usp9x; Kanai-Azuma et al., 2000) and anti-Le x MAb (mouse monoclonal Ab against Lewis x (Le x ) carbohydrate epitope, mouse PGC marker; Kanai et al., 1992) were used in this study. Deparaffinized sections were incubated with anti-Usp9x Ab (0.25 mg/ml) or antiLe x MAb (1:100 dilution) at 4 8C for 12 h, and then its reaction was visualized by horseradish peroxidase (HRP)-labeled secondary Ab in combination with a Tyramide Signal Amplification kit (NEN Life Science Product). , while broken arrows show Usp9x-negative oocytes in F and K. es, early secondary follicle; gf, Graafian follicle; ls, late secondary follicle; pd, primordial follicle; pf, primary follicle; ta, tunica albuginea; tc, testicular cord; ti, testicular interstitium. Scale bars: (A-I,L-O) 100 mm; (K) 10 mm.
Some of the gonadal sections at 11.5-13.5 dpc were doublestained with anti-Usp9x Ab and anti-Le x MAb, and their reactions were visualized by Streptavidin-Texas Red for Usp9x and FITC-labeled secondary Ab for Le x epitope. After counter-staining with TO-PRO-3/DNA (0.5 mM, Molecular Probes), they were finally analyzed using a confocal laser scanning system (LSM510, Carl Zeiss). In addition, non-specific reaction could not be detected in the germ cells and gonadal somatic cells, when the sections were incubated with preimmune serum or normal IgG, instead of anti-Usp9x Ab.
In situ hybridization
Paraffin sections were subjected to in situ hybridization as described in our previous studies (Kanai et al., 1996 . Antisense RNA probe corresponding to 3 0 -untranslated region was produced using the DIG-RNA labeling kit (Roche Diagnostics) as described by Wood et al. (1997) .
Immunoblot
The protein samples were prepared from the fetal genital ridges from 11.5 to 15.5 dpc. After electrophoresis and transfer to nylon membranes, the blots were incubated with anti-Usp9x Ab (50 ng/ml). Then, the labeled protein was visualized by HRP-labeled goat anti-rabbit secondary Ab in combination with the enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech) as described previously (Kanai-Azuma et al., 2002) . Autoradiographs of the immunoblots and their silver stained gels were scanned with an Epson G754 scanner and then analyzed with the NIH Imaging software v1.62.
